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Organic–inorganic hybrid perovskite solar cells (PSCs) are considered as one 
of the most promising emerging photovoltaics with outstanding performance. 
However, the commonly used organic hole transport materials (HTMs) suffer from 
heat-, light-, and bias-induced degradation along with defect diffusion and 
hygroscopic properties. To resolve these issues in conventional HTMs, inorganic 
materials with superior chemical stability, high carrier mobility, and low cost have 
been developed, demonstrating improved stability under rigorous conditions such 
as high temperature and long-term illumination. Understanding the properties of 
alternative inorganic HTMs is of prominent importance to realize more stable and 
efficient PSCs. The study of the inorganic hole-transport layer (HTL) in perovskite 
solar cells (PSCs) is gathering attention because of the drawback of the 
conventional PSC design, where the organic HTL with salt dopants majorly 
participates in the degradation mechanisms. On the other hand, inorganic HTL 
secures better stability, while it offers difficulties in the deposition and interfacial 
control to realize high performing devices. To prevent the degradation, inorganic-
based CuSCN HTL emerged as an alternative, yet the interfacial reactivity is not 
clearly elucidated.
Polydimethylsiloxane (PDMS) was demonstrated as an ideal polymeric 
interlayer which prevents interfacial degradation and improves both photovoltaic 
performance and stability of CuSCN-based PSC by its cross-linking behavior. 
Surprisingly, the PDMS polymers are identified to form chemical bonds with 
perovskite and CuSCN, as shown by Raman spectroscopy. This novel cross-linking 
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interlayer of PDMS enhances the hole-transporting property at the interface and 
passivates the interfacial defects, realizing the PSC with high power-conversion 
efficiency over 19%. Furthermore, the utilization of the PDMS interlayer greatly 
improves the stability of solar cells against both humidity and heat by mitigating 
the interfacial defects and interdiffusion. The PDMS-interlayered PSCs retained 
over 90% of the initial efficiencies, both after 1000 h under ambient conditions 
(unencapsulated) and after 500 h under 85°C/85% relative humidity (encapsulated).
Cu2O and CuSCN are co-utilized as efficient and stable hole-transporting 
layer.  Cu2O is known for the material that has the highest hole mobility, but the 
formation of uniform film remained as main difficulty due to the limited selection 
of solvent and poor film formation.  Therefore, Cu2O-CuSCN nanocomposite 
excellently fabricated as an idea HTL, exhibiting 19.2% of power conversion 
efficiency (PCE) and sustaining its efficiency for 720 h under extreme condition 
(85°C/85% of relative humidity, encapsulated).  Chemical distribution of 
nanocomposite HTL was analyzed by secondary-ion spectroscopy (SIMS), 
elucidating Cu2O is clearly protecting the interface between the perovskite and 
CuSCN to reduce the interfacial reaction.  Also, the excellent hole transporting 
property of Cu2O improved the charge extraction rate and reduced recombination, 
which were conducted by photoluminescence (PL) and electrochemical impedance 
spectroscopy (EIS).
Keywords : perovskite solar cells, inorganic hole-transport layer, defect control, 
cross-linking interlayer, nanocomposite, stability.
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Fig. 1-1.  (Color) Working process and energy loss of p-n junction solar 
cells.  From Ref. [1].
Fig. 1-2.  (Color) A Schematic of a J-V curve and photovoltaic parameters.
Fig. 1-3.  (Color) Shockley-Queisser efficiency limits and experimental 
efficiencies of solar cells with various materials.  From Ref. [3].
Fig. 1-4.  (Color) A schematic device architecture and band structure of n-i-
p planar type perovskite solar cells.
Fig. 1-5.  (Color) (a) Proposed defect sites via vacancies of OHP.  From
Ref. 8.  (b) (Cs0.05FA0.54MA0.41)Pb(I0.98Br0.02)3 films with (red circle) and 
without NaF additive (blue circle).  From Ref. [9].  (c) FAPbI3 films with
(blue squire) and without Cs doping (red circle).  From Ref. [10].  
Fig. 1-6.  (Color) Perovskite degradation under thermal and humid induced
condition.  (a) UV-Vis spectrum and XRD of OHP film with various stored
times under thermal induced condition.  (b) Light beam induced current
(LBIC) with various thermal and humid environments.  From Ref. [14].
Fig. 1-7.  (Color) Thermal degradation of PSCs utilized Spiro-OMeTAD
and salt dopants as a hole transport materials.  From Ref. [15].
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Fig. 2-1.  (Color) Observation of the perovskite degradation by CuSCN-
diethyl sulfide (DES) solution.  (a) Optical images, (b) absorbance spectra, 
and (c) XRD patterns of ITO/SnO2/MAPbI3/CuSCN films with different 
wetting times (from 0 to 90 s) of CuSCN-DES solution.  The square and 
circles in (c) represent the peaks of PbI2 and ITO, respectively.  (d) 
Comparison of the magnified peaks at 14.2° (for the (110) plane in MAPbI3).
Fig. 2-2.  (Color) Compared degradation of perovskite by CuSCN-DES 
solution.  Optical images of ITO/SnO2/MAPbI3/PDMS/CuSCN films with 
different wetting times of CuSCN-DES solution, without and with PDMS 
buffer layer.
Fig. 2-3.  (Color) Solution-processed deposition for the PDMS interlayer 
and CuSCN HTL.  Schematic architectures and the cross-sectional SEM 
images of ITO/SnO2/perovskite, ITO/SnO2/perovskite/PDMS, and 
ITO/SnO2/perovskite/PDMS/CuSCN.
Fig. 2-4.  (Color) Analyses on the PDMS interlayer and charge-extraction 
properties by different HTLs.  (a) Raman spectra with different HTLs and 
ToF-SIMS depth profile analysis for the PDMS-interlayered device.  (b) 
Steady-state PL spectra with magnified image (inset), and time-resolved PL 
of various films deposited on a glass substrate.  Dashed lines represent the 
fitted curves. 
Fig. 2-5.  (Color) Electrical properties of CuSCN and PDMS/CuSCN films.  
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Sheet resistance is measured by four-point probe for CuSCN and 
PDMS/CuSCN films, which are deposited on (a) quartz substrates and (b) 
MAPbI3 films.
Fig. 2-6.  (Color) Space-charge limited current (SCLC) measured for 
CuSCN and PDMS/CuSCN films.  (a) J-V characteristics of hole-only 
devices without perovskite layer, measured in dark condition.  (b) J0.5-V
plot in the SCLC region with high applied voltage.  The hole mobilities μh
are calculated to be 0.20 and 0.18 cm2 V-1 s-1, for CuSCN and 
PDMS/CuSCN films respectively.
Fig. 2-7.  (Color) Ultraviolet photoemission spectroscopy measurement for 
various surfaces.  Photoemission spectra for (a) secondary electron edge 
and (b) valence band edge on the surfaces of CuSCN HTLs with and 
without PDMS interlayer. 
Fig. 2-8.  (Color) Passivation of defects by the PDMS interlayer.  (a) 
Nyquist plots and (b) trap distribution spectra of the MAPbI3/CuSCN-based 
PSCs with and without PDMS interlayer.  Solid lines in (a) and (b) 
represent the fitted curves used to estimate resistive and defective features 
of the devices, respectively.  (c) J-V characteristics of hole-only devices 
measured in dark, with arrows indicating the trap-filled limit voltages (VTFL).  
(d) Schematics of the crosslinking PDMS interlayer.
Fig. 2-9.  (Color) Improvements in the photovoltaic performance and air 
stability of MAPbI3-based solar cells by the PDMS interlayer.  (a) 
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Comparison of PCEs without and with PDMS interlayer.  (b) J–V
characteristic (reverse scan) of the solar cell using PDMS interlayer, with a 
steady-state current under the maximum power voltage.  (c) Shelf-life test 
of solar cells stored in ambient air (25°C, ~55% relative humidity). (d) 
Photographs of ITO/SnO2/MAPbI3/CuSCN/Au devices without and with 
PDMS interlayer dipped in water.
Fig. 2-10.  (Color) Improved performance of MAPbI3-based solar cells by 
PDMS.  J-V curves of MAPbI3-based solar cells with (a) reverse and (b) 
forward scans, and (c) their stabilized power outputs measured at the 
maximum power voltages.
Fig. 2-11.  (Color) Performance of MAPbI3-based solar cells, without and 
with PDMS.  Comparison of the cell parameters including (a) ղ, (b) JSC, (c) 
VOC, and (d) FF for ~10 devices each.
Fig. 2-12.  (Color) Stabilities of MAPbI3-based solar cells and their XRD 
patterns before/after the stability tests.  (a) Stabilities tested under 
25°C/~55% RH condition and (b,c) XRD patterns of solar cells with and 
without PDMS interlayer.  (d-f) Data analyzed for the solar cells stored 
under 25°C/95% RH conditions and (g-i) under 85°C/35% RH conditions.  
All the tests were conducted for solar cells without encapsulation.
Fig. 2-13.  (Color) Photovoltaic performance and thermal stability of 
CsFAMA-based solar cells with and without PDMS interlayer.  J-V
characteristics of triple-cation perovskite 
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(Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3: CsFAMA)-based devices, and 
thermal stability of the encapsulated solar cells stored under 85°C/85% RH 
condition.
Fig. 2-14.  (Color) Performance of 
Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3/CuSCN-based devices.  (a) η, (b) JSC, 
(c) VOC, and (d) FF of CsFAMA/CuSCN-based solar cells without and with 
PDMS interlayer.
Fig. 2-15.  (Color) Device performance of CsFAMA-based solar cells.  J-
V curves of triple-cation perovskite (Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3: 
CsFAMA)-based solar cells (a) with and (b) without PDMS interlayer.
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Fig. 3-1.  (Color) Schematics and characterization of the Cu2O-CuSCN 
nanocomposite layer. (a) The device architecture and (b) cross-sectional 
SEM image of the Cu2O-CuSCN based device.  (c) XRD patterns with
different HTLs deposited on the Cs0.05(FA0.85MA0.15)0.95Pb(I0.85Br0.15)3
(CsFAMA) films. (d) ToF-SIMS depth profile of the 
ITO/SnO2/CsFAMA/Cu2O-CuSCN film.  The SiO− is originated by the 
PDMS interlayer at the CsFAMA/HTL interface.
Fig. 3-2.  (Color) X-ray diffraction pattern of the Cu2O nanoparticles.  
Fig. 3-3.  (Color) Optical images of the Cu2O-CuSCN and CuSCN 
ix
solutions in diethylsulfide.
Fig. 3-4.  (Color) Cross-sectional SEM image and J-V plot of the device 
utilizing Cu2O as a HTL. 
Fig. 3-5.  (Color) Optical and electronic properties of Cu2O-CuSCN 
nanocomposite HTL.  (a) Bandgap energy of each HTL. (b) Work 
function from the secondary electron edge, and (c) valence band maximum
for each HTL deposited on the ITO/SnO2/CsFAMA film.  (d) J-V
characteristics of hole-only devices with fitted lines in the space-charge 
limited current (SCLC) region.  (e) Steady-state photoluminescence (PL) 
spectra with a magnified image in the inset, and (f) time-resolved PL of 
various films deposited on glass substrates.
Fig. 3-6.  (Color) Electrical properties of various HTLs.  In-plane
conductivity is measured by four-point probe for CuSCN, Cu2O-CuSCN 
nanocomposite, and Cu2O films deposited on glass substrates.
Fig. 3-7.  (Color) Trap density analyses and energy level diagram of the 
devices with different HTLs.  (a) J-V characteristics of hole-only devices 
with perovskite layer, with arrows marking the trap-filled limited voltage 
(VTFL).  (b) Nyquist plots and (c) trap distribution spectra from the 
capacitance-frequency analyses.  (d) Schematics of the band structure and 
trap states at the CsFAMA/HTL interface of each device.  
Fig. 3-8.  (Color) Enhancement of the perovskite solar cells by utilizing 
Cu2O-CuSCN HTLs.  (a) J-V characteristics, (b) steady-state efficiency 
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under the maximum power voltage, (c) hysteresis index (HI = 1-ηFOR/ηREV), 
and (d) external quantum efficiency of the perovskite solar cells.
Fig. 3-9.  (Color) Optimization of the Cu2O and CuSCN concentrations of 
nanocomposite based devices.  Comparison of the performances for 7 
devices at each condition.  The optimum condition is 10 mg/ml for both 
Cu2O and CuSCN.
Fig. 3-10.  (Color) The J-V plot of the device with a bilayer-deposited HTL.  
The perovskite solar cells were fabricated by the following sequence: 10 
mg/ml of Cu2O-dispersion solution was spin coated on a perovskite film, 
then 10 mg/ml of CuSCN solution was deposited subsequently.Fig. 3-11.  
(Color) Long-term stability of the solar cells with different HTLs.  (a) 
Thermal stability of the devices, and (b) XRD of the devices stored under
85°C/85% RH for 720 h (with gold removed before the diffraction 
measurements).
Fig. 3-12.  (Color) Long-term stability for several devices with different 
HTLs. (a) Normalized η, (b) η, (c) JSC, (d) VOC, (e) FF, and (h) HI of the 




1.1. Introduction to Solar Cells
The basic principle of operation of solar cells is the photovoltaic 
effect.  When the light reaches the device, the electrons on the valance 
band are excited to a higher energy state by absorbing photon energy greater 
than the energy band gap of the material leaving the holes in the valance 
band (Fig. 1-1).  When these photon energy absorptions occur in the space 
charge region, the excited electrons and holes are spatially separated by a 
built-in field that causes a net current through the junction.  Carriers 
excited by photon energy greater than the band gap of the material are 
cooled to a state near the band edge through a phonon interaction called 
thermalization (①).  The excited carrier can make radiative recombination 
(②) with carriers of opposite charge directly (③) or trap-assisted (④) with 
releasing photons before extraction into an external circuit.  Charge 
carriers (electrons and holes) are extracted into the external circuit by 
diffusion (⑤) or trapped at near-surface defect sites making non-radiative 
recombination (⑥).[1]  In open circuit conditions, a photovoltaic voltage is 
generated from the separated quasi-Fermi level between p-type and n-type 
materials.  Defect sites such as point defects, dislocations usually located at 
surfaces, and grain boundaries create in-band conditions that act as trap sites 
for charge carriers and advance non-radioactive recombination.  In order to 
build an efficient solar cell from the above operating principle, using 
materials with adequate band gap and sufficient light absorption coefficient, 
efficient charge separation and drift, diffusion to the electrodes.  Moreover, 
minimizing defect density to reduce the non-radioactive recombination is 
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important to develop efficient and stable solar cells.[2]
Power conversion efficiency (η) is defined as the ratio between the 
maximum power output (VMPP JMPP) of a solar cell and the incident 
power of solar energy shown in Fig. 1-2.  It is determined by three 
quantities: short circuit current density (Jsc), open circuit voltage (Voc) and 
charge factor (FF).  Jsc is a measurement of charge generation and transfer 
to subsequent external circuitry.  For high Jsc, the material must satisfy the 
balance between incident photon extinction and light carrier extraction, and 
have low band gap to reduce the spectrum loss.  For high Voc, wide 
bandgap materials have an advantage to obtain high separated quasi-Fermi 
level, which is the dilemma between current and voltage, causing 
photocurrent loss due to forbidden excitation in the bandgap.  The fill 
factor is the ratio between η and the multiplication of Jsc and Voc.
3
Fig. 1-1.  (Color) Working process and energy loss of p-n junction solar 
cells.  From Ref. [1].
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Fig. 1-2.  (Color) A Schematic of a J-V curve and photovoltaic parameters.
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1.2. Organic-Inorganic Hybrid Perovskite (OHP) Solar Cells
Organic-inorganic hybrid perovskites (OHPs) normally have a ABX3
perovskite structure containing organic or inorganic cations (CH3NH3+
(MA), (NH2)2CH+ (FA), Cs+) at A site, inorganic cations (Pb2+ or Sn2+) at B 
site, and halide anions (Cl-, Br-, or I-) at X site.  Since the 2009 when OHP 
solar cells (PSCs) have been reported, η of PSCs is rapidly increased 
compared to other types of solar cells (from 3.8% to 25.2%), closely 
reaching to the theoretical Shockely-Queisser limit shown in Fig. 1-3.3  
One of remarkable merit points of OHP is the solution-processible-film 
deposition. Precursor is prepared by dissolving constituent compounds (e.g., 
MAI and PbI2 for MAPbI3) in a common solvent (e.g., DMSO and DMF) 
forming intermediate crystalline phase (e.g., MAI-DMSO-PbI2).  The 
solvent was subsequently spin coated, then the polycrystalline OHP film is 
developed from the intermediate phase during thermal annealing.  The
anti-solvent (e.g., diethylether or chlorobenzene) is normally dripped during 
the spin coating to enhance the OHP quality, resulting in the compact and 
uniform film on the substrate.[4] Not only OHPs show outstanding
properties including a high absorption coefficient and carrier mobility and a
low exciton binding energy, but also tunable bandgap energy by facile
composition modification is most notable part for fabricate efficient
PSCs.[5,6]  
As solar cells show layered structure, OHP film is deposited between 
each selective materials, n-type for electron transport layer (ETL) and p-
type for hole transport layer (HTL) shown in Fig. 1-4. The criteria for 
good selective contact for PSCs are not limiting the photovoltaic 
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performance, good energy level alignment of each layers, and high charge 
mobility.  Efficient charge transfer at each interfaces and the suppressing
the reverse transfer are required for the maximum extraction of electrons
and holes from photo-absorption layer to charge-extraction layers. Two 
types of device are commonly fabricated, i.e. n-i-p planar and p-i-n inverted
structure. For the planar structure, light penetrates into the ETL while it is 
the HTL in the inverted structure. Transparent oxide semiconductor is 
used as an n-type in the planar (e.g., TiO2, SnO2, and ZnO) and p-type in the 
inverted structure (e.g., PEDOT:PSS, CuO, and NiO). Small or polymeric 
molecular is used as HTL in the planar (e.g., Spiro-OMeTAD and PTAA) 
and ETL in the inverted structure (e.g., PCBM). For the upper layer 
deposition on hybrid perovskite, it certainly requires the solvent that is 
inactive to perovskite since the vulnerability to the polar solvent causes the 
decomposition into PbI2 (e.g., H2O, alcohol, DMF, DMSO, and acetone).
Selective contact also provides the physical barrier by hampering the 
diffusion of atmospheric reactive elements (e.g., humid and O2), and 
therefore the protective property is additionally considered to hinder the 
degradation of OHP film.  
7
Fig. 1-3.  (Color) Shockley-Queisser efficiency limits and experimental 
efficiencies of solar cells with various materials. From Ref. [3].
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Fig. 1-4.  (Color) A schematic device architecture and band structure of n-i-
p planar type perovskite solar cells.
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1.3. Issues of Performance and Stability in OHP Solar Cells
Non-radiative recombination during PSCs working is main 
degradation of the photovoltaic efficiency, and trap states from deep and
shallow level defects act as recombination center for charge carriers.[7]
Vacancy is one of major defects in OHP film accompanies high density of 
trap states, and the formation of defects at the OHP is thought to greatly 
influence not only the photovoltaic performance but also its long-term 
stability of PSCs being major factor in the degradation of PSCs (Fig. 1-
5).[8]  Various studies to reduce defect density have been widely studied, 
and there are two strategies for suppressing vacancies.  Additives like Cs+
and F- at the perovskite precursor are used for reducing defect sites usually
existing at surface and grain boundary.[9,10]  Defect passivation by Lewis
base or Lewis acid via -conjugation between B site of OHP and Lewis
adduct is also widely applied.[11-13]
Ambient condition with heat and humidity is also the major factor
for the degradation of PSCs.  The volatile property of organic compounds
in OHP makes perovskite easily dissociate under heat and humidity induced
environment as shown in Fig. 1-6.[14]  Moreover, OHP degradation under
heat induced condition is inflicted by dopants and additives required for
small molecule or polymer hole transport materials because of its low hole
mobility compared to the inorganic materials (Fig. 1-7).[15]  Due to the
thermal stability issues of organic hole transport materials, p-type metal
oxides (e.g., CuO, Cu2O, CuGaO2, NiO) have been tried for efficient and
stable PSCs because of its high hole mobility and conductivity without any
dopants (Table 1-1).[16-22]  There were many attempts to long-term 
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stability of PSCs, yet the intrinsic property of OHP and selective layers
should be further investigated to compete against the other types of solar
cells.
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Fig. 1-5.  (Color) (a) Proposed defect sites via vacancies of OHP.  From
Ref. 8.  (b) (Cs0.05FA0.54MA0.41)Pb(I0.98Br0.02)3 films with (red circle) and 
without NaF additive (blue circle).  From Ref. [9].  (c) FAPbI3 films with
(blue squire) and without Cs doping (red circle).  From Ref. [10].  
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Fig. 1-6.  (Color) Perovskite degradation under thermal and humid induced
condition.  (a) UV-Vis spectrum and XRD of OHP film with various stored
times under thermal induced condition.  (b) Light beam induced current
(LBIC) with various thermal and humid environments.  From Ref. [14].
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Fig. 1-7.  (Color) Thermal degradation of PSCs utilized Spiro-OMeTAD








~10-4 (thin film, TOF and SCLC)(16) ~5 ´ 10-5 (21)
CuSCN ~10-2 – 10-1 (thin film, field-effect mobility) (17) ~9 ´ 10-5 (21)
NiOx ~10-4 (nanoparticulated thin film, SCLC) (18) ~7 ´ 10-8 (22) 
Cu2O ~100 (nanoparticulated thin film, SCLC)(19) ~5 ´ 10-1 (19)
CuGaO2
~10-1 (nanoparticulated thin film, Hall 
measurement)
(20) ~5 ´ 10
-3 (20)
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Chapter 2. 
Interfacial Modification and Defect Passivation by 
Crosslinking Interlayer for Efficient and Stable CuSCN-
Based Perovskite Solar Cell
2.1. Introduction
Attentions on the photovoltaics have rapidly grown with the 
concern of future energy supply.[1-5]  Among the various materials and 
designs, the perovskite solar cell (PSC) has been one of the most popular 
research objects due to its outstanding potential as the next generation 
photovoltaics.[6-14]  The power conversion efficiency (PCE) of PSC has 
soared up from 3.8% to 25.2% within several years, and extensive studies for 
its commercialization are on progress.[14-26] Even though the PCE growth 
is quite satisfactory, the stability of device is yet below the industrial 
standard, demanding more advances in materials and designs.
In general, perovskite solar cell has hierarchical structure of 
perovskite with electron-transport layer (ETL) and hole-transport layer 
(HTL), and the spiro-OMeTAD is one of the most common material for the 
HTL.[20-23,25-30] This organic material enables outstanding PCE, but has 
low stability due to its high reactivity and the salt dopants.[31-35]  To 
overcome the limitation of organic-based HTL, various inorganic p-type 
semiconductors such as metal oxides and copper-based materials have been 
recently introduced.[36-45]
Among them, CuSCN is one of the promising inorganic materials for 
the HTL, which has decent hole mobility of 10-1 cm2 V-1 s-1 enabling solar 
cells with high theoretical and experimental PCEs.[36-38,43,46-49]  
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However, despite of its great potential, the deposition of CuSCN with polar 
solvents still remains as a challenge in the n-i-p structured PSC.  As diethyl 
sulfide (DES) is the most common solvent for the solution-deposition of 
CuSCN, the polar property of DES is reported to induce damages on the 
perovskite surface.[43,50]  The decomposition of organic-inorganic 
perovskite due to its high reactivity to the polar solvents and consequential 
trap formation have been reported.[43,50,51]  The formation of defects at 
the interface is thought to greatly influence not only the photovoltaic 
performance but also its long-term stability, considering that the degradation 
of CuSCN has been observed with the formation of CuI at the 
perovskite/CuSCN interface.[38]  Therefore, a novel strategy to prevent 
the degradation of perovskite during the CuSCN deposition and mitigating 
the trap formation at the interface will play a significant role realizing 
efficient and stable perovskite solar cells.
Herein, we utilize the PDMS (CH3[Si(CH3)2O]nSi(CH3)3) polymers 
for an interlayer between the perovskite and CuSCN to stabilize the film 
deposition and device operation.  PDMS is a super hydrophobic and 
thermally resistive polymer,[52-55] and the presence of PDMS interlayer 
successfully blocks the decomposition of perovskite at the surface during 
the deposition of upper layer.  Also, these PDMS polymers are observed to 
play a unique role as a crosslinking interlayer, forming chemical bonds with 
perovskite and CuSCN.  This novel linking behavior boosts the hole-
extraction property at the interface, and mitigates the interfacial 
traps/defects in the device.  As well known, the defect characteristics at the 
interface have significant impacts on both the photovoltaic performance and 
operational stability of PSC.  The PDMS crosslinking interlayer greatly 
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increases the PCE of CuSCN-based PSC from 17.21% to 19.04% (highest 
efficiencies), and remarkably enhances the device stability against heat and 
humidity.  Further discussion for the effects of PDMS interlayer on the air-
and thermal- stabilities of PSC highlights the importance of defect control in 
realizing stable PSC, and suggests an insight for the ideal design of PSC 
with inorganic CuSCN HTL.
2.2. Experimental Section
Device Fabrication:  ITO substrate (AMG) was etched by zinc 
powder (TCI Chemicals) and cleaned by sonication in acetone, ethanol and 
deionized water, for 20 min respectively.  The substrate was used after 15 
min of UV-ozone treatment.  A SnO2 colloidal dispersion (15 wt. % in 
water, Alfa Aesar) was diluted to 2.5 wt. % with DI water, and then spin 
coated on the ITO substrate followed by annealing at 120°C for 30 min.  
The substrate for hole-only device was fabricated by spin-coating PTAA 
solution (2 mg/ml in chlorobenzene) on ITO glass with spin rate of 5000 
rpm for 40 s, followed by the annealing step at 120°C for 20 min.  For the 
MAPbI3 perovskite film, 1.92 M MAPbI3 perovskite precursor was prepared 
by dissolving methylammonium iodide (MAI; Great Solar Laboratory), lead 
iodide (PbI2; TCI Chemicals) in a mixture of N,N-dimethylformamide 
(DMF; Sigma-Aldrich) and dimethylsulfoxide (DMSO; Sigma-Aldrich) 
with the volume ratio of 9:1.  In case of 
Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3 perovskite (CsFAMA) film, 
formamidinium iodide (FAI; Great Solar Laboratory), methylammonium 
bromide (MABr; Great Solar Laboratory), PbI2 and lead bromide (PbBr2; 
TCI Chemicals) were dissolved in DMF/DMSO with 4:1 volume ratio with 
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the addition of CsI/DMSO solution.  The perovskite solution was spin-
coated at 3000 rpm for 20 s (with 1 mL of diethyl ether used as an 
antisolvent).  PDMS (Sigma Aldrich) interlayer was prepared by 
dissolving 12.25 mg of PDMS in 1 mL of n-Hexane (Daejung) then spin-
coated on the perovskite film.  Hole transporting material was prepared by 
dissolving 25 mg of CuSCN (Sigma Aldrich) in 1 mL of diethylsulfide 
(Sigma Aldrich) then spin-coated on the substrate followed by annealing at 
50°C for 10 min.
Characterization:  Optical properties of perovskite films were 
measured with UV/Vis spectroscopy (V-770; JASCO) with an integrating 
sphere.  Crystal structures of perovskite were examined by an x-ray 
diffractometer (New D-8 Advance; Bruker).  To observe the cross-
sectional image of devices, a field-emission scanning electron microscope 
(Merlin Compact; Zeiss) was used.  Raman and steady-state 
photoluminescence spectra were obtained via LabRAM HV Evolution, 
Horiba, using lasers of λexcitation = 325 and 532 nm.  Time-resolved PL 
spectra (FluoTime 300; Picoquant) were obtained using λexcitation = 398 nm 
laser.  The films were prepared on glass substrates with the incident light 
direction on the perovskite or CuSCN surface.  Time-of-flight secondary-
ion mass spectroscopy (TOF.SIMS-5; ION-TOF) was performed to analyze 
the compositional depth profile of PDMS-interlayered device.  Four-point 
probe was utilized to measure the electric conductivity of films deposited on 
quartz substrates.  Work functions of films were measured via 
multipurpose x-ray photoelectron spectroscopy (Sigma Probe; Thermo VG 
Scientific), conducted with argon sputtering, and photon energy of hν = 
21.22 eV was used in the ultraviolet photoelectron spectroscopy (UPS) 
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measurement.  A potentiostat (Zive SP-1; WonATech) was adopted for 
both space-charge-limited current (SCLC) analysis and impedance analysis.  
For the SCLC measurement, voltage was applied from 0 V to 10 V.  The 
impedance of photovoltaic device was measured with 10 mV AC 
perturbation in the frequency range from 10 mHz to 100 kHz, under zero 
bias in dark condition.  Before this measurement, all the devices had been 
relaxed in dark until voltage drops below 3 mV. Photocurrent density-
voltage (J-V) curves were achieved via solar cell measurement system (K-
3000; McScience) for an active area of 0.09 cm2.  During the measurement, 
the voltage was swept from the reverse to forward direction (from 1.2 to 
−0.1 V with a scan rate of 100 mV s-1).  One sun light was illuminated 
using a solar simulator (Xenon lamp, air mass 1.5 G).
2.3. Results and Discussion
To clarify the degradation of perovskite layer during the CuSCN 
deposition, the MAPbI3/CuSCN films are investigated with different pre-
wetting time of CuSCN solution from 0 to 90 s followed by a spin-coating 
step.  As the CuSCN solution is wetted longer on the perovskite substrate, 
the degradation of perovskite occurs more severely at a level that can be 
easily compared visually.  The features of each film including optical 
images, absorbance spectra and x-ray diffraction patterns are compared in 
the Supporting Information, Fig. 2-1.  With clear evidence of the surface 
degradation, it is necessary to improve the quality of perovskite/CuSCN 
interface.
As an ideal strategy to suppress the perovskite decomposition, a buffer 
interlayer is designed with super hydrophobic PDMS, and the perovskite 
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surface is successfully protected from the damage by CuSCN-DES solution 
(Fig. 2-2).  In addition, polymers with hydrophobic property are also 
expected to boost the stability of solar cell without hindering its 
photovoltaic performance, regarding that the utilization of hydrophobic 
upper layer is reported to improve the device stability under humid air.56,57  
Furthermore, polymers with lone pair of electrons are reported to passivate 
defects forming Lewis adduct with perovskite,[58,59] indicating the 
possible passivation of the interfacial defects by PDMS.  The schematics 
with cross-sectional SEM images for the synthesis of CuSCN-based PSCs is 
shown in Fig. 2-3.  It should be noted that 200-nm PDMS layer looks 
diminished after the deposition of CuSCN.  Since PDMS is also soluble in 
DES solvent, most of the PDMS polymers are dissolved and removed 
during the CuSCN deposition step.
To certify the existence of residual PDMS and their role at the 
interface, samples are analyzed through Raman spectroscopy, as shown in 
Fig. 2-4(a).  While the MAPbI3/CuSCN films do not show notable 
differences compared with the bare MAPbI3 (with signals near 100 cm-1
originating from MAPbI3), MAPbI3/PDMS/CuSCN exhibits two distinctive 
peaks near 135 and 280 cm-1 which represent the bonds of Pb-O and Cu-O, 
respectively.[60,61]  These peaks confirm that the residual PDMS 
polymers at the interface remain chemically bonded with both perovskite 
and CuSCN.  In addition, time-of-flight secondary-ion mass spectroscopy 
(ToF-SIMS) is employed to examine the compositional depth profiles for 
the MAPbI3/PDMS/CuSCN sample.  As demonstrated in Fig. 2-4(a), Si 
signals from the PDMS polymers are identified near the interface.  From 
the results of ToF-SIMS and Raman spectroscopy, we assume that most of 
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PDMS polymers exist at the interface strongly holding two distinct layers as 
a crosslinking interlayer.  This crosslinking behavior of PDMS interlayer 
may play a significant role in the performance of PSC, and further analyses 
are conducted to scrutinize the effects of PDMS interlayer on various 
properties of the solar cell.
The PDMS polymers basically have insulating property which can 
hinder the charge extraction and transfer at the interface.  Therefore, the 
photoluminescence (PL) spectroscopy has been conducted for each structure 
deposited on a glass substrate to compare the hole-extraction property from 
perovskite to the CuSCN HTL.  As shown in Fig. 2-4(b), a PL peak at 766 
nm is identified for every case, which represents the radiative recombination 
of excitons in MAPbI3.  Without any electrode in contact, bare MAPbI3
shows strong PL intensity with majority of photocarriers dissipating via 
radiative recombination.  On the other hand, with CuSCN as an upper layer, 
a large proportion of holes are extracted into the CuSCN HTL resulting in 
the decreased PL intensity.  Notably, when PDMS interlayer is 
incorporated, more effective PL quenching is observed, implying that holes 
are effectively extracted into the CuSCN HTL.  The time-resolved PL 
(TRPL) has been also measured, where MAPbI3/PDMS/CuSCN shows 
more rapid PL decay compared to the MAPbI3/CuSCN sample.  The PL 
decay curves are fitted to the biexponential functions, and the average 
carrier lifetime is significantly reduced with the PDMS interlayer, implying 
the improved hole-extracting properties by PDMS/CuSCN HTL.  In 
addition, even though the PDMS itself has deficient electrical properties, the 
PDMS/CuSCN film shows negligible decreases in both electrical 
conductivity and hole mobility as shown in Fig. 2-5 and Fig. 2-6.  
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Considering that the energy level of CuSCN remains unchanged with or 
without PDMS interlayer (Fig. 2-7), the utilization of PDMS crosslinking 
interlayer barely blocks the carrier transfer but rather improves the 
photovoltaic property.
Regarding that the PDMS interlayer affects carrier dynamics at the 
interface in a positive manner, analyzing and comparing the formation of 
interfacial traps will provide further insight to understand the role of PDMS.  
Therefore, the impedance analysis is conducted for the CuSCN-based solar 
cells with and without PDMS interlayer, and the corresponding Nyquist 
plots are depicted in Fig. 2-8(a).  The PDMS/CuSCN device shows larger 
hemi-circle than that of the bare CuSCN device, which infers greater 
resistive factor of the charge recombination process in solar cells.[62,63] 
These Nyquist data indicate that the PDMS interlayer reduces the trap/defect 
sites near the interface.  For more reliable and quantitative analysis, the 
trap distribution spectra are obtained, as shown in Fig. 2-8(b).  This trap 
analysis is one of the valid and useful methods to investigate the electronic-
trap distribution at the interfaces, with details discussed in several 
reports.[51,64-68]  The spectra of deep traps at the interface vividly show 
the differences in the CuSCN solar cells with and without PDMS interlayer.  
The energy level of traps drastically shifts toward the bandedge by over 0.1 
eV with the PDMS interlayer.  In addition, the PDMS/CuSCN device 
shows only half trap density (Nt) compared to the bare CuSCN device.
In order to reconfirm the defect-passivation effect by PDMS interlayer, 
the dark current to voltage characteristics for hole-only devices are 
measured.  The J-V curves of ITO/PTAA/MAPbI3/HTL/Au devices are 
shown in Fig. 2-8(c), and the trap densities are estimated from the trap-filled 
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limit voltage (VTFL) to be 3.4 × 1015 cm-3 and 9.2 × 1015 cm-3 for the devices 
with and without PDMS interlayer, respectively.[69,70]  The PDMS 
clearly reduces the hole-trap density at the MAPbI3/CuSCN interface, which 
is a consistent result with that from the impedance analysis above.  
Reduction of the electronic traps suggests that by using the PDMS interlayer, 
the formation of deep traps at the perovskite/CuSCN interface can be 
mitigated reducing the undesirable charge recombination, which will
contribute to the enhanced hole-extraction and improved photovoltaic 
parameters.50  We rationally attribute the change in the trap states not only 
because the PDMS interlayer acts as a buffer layer preventing the perovskite 
decomposition by CuSCN-DES solution, but also because the crosslinking 
behavior of PDMS polymers further passivates traps/defects, such as ion 
vacancies or dangling bonds of both perovskite and CuSCN by binding with 
Pb and Cu atoms (Fig. 2-8(d)).
Then perovskite devices of ITO/SnO2/MAPbI3/CuSCN/Au are 
fabricated with and without PDMS interlayer, and its influence on the actual 
photovoltaic performance has been scrutinized.  As demonstrated in Figs. 
2-9(a), 2-10 and 2-11, the solar cells with PDMS interlayers show dramatic 
improvement in photovoltaic parameters including short-circuit current (JSC), 
open-circuit voltage (VOC) and fill factor (FF), and consequently the power-
conversion efficiency (ղ) is increased from 17.21% to 19.04% (highest 
efficiencies).  The J-V characteristics and stabilized power output of the 
best performing PDMS/CuSCN device are shown in Fig. 2-9(b).  It is 
noteworthy that by the straightforward insertion of PDMS interlayer via 
solution-process, highly efficient CuSCN-based PSC has been realized with 
PCE comparable to that of the organic HTL-based PSCs.
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In our previous work, we have confirmed that reduction of the 
interfacial deep traps plays a significant role enhancing VOC and JSC by 
mitigating nonradiative recombination at the interface, which causes loss in 
both VOC and charge extractions.[51,66]  Recalling that the electronic trap 
states are considerably reduced as observed by impedance analysis and J-V
characteristics in Fig. 2-8, improved photovoltaic performance of PDMS 
devices are majorly due to the mitigation of interfacial traps by the PDMS 
crosslinking interlayer.  Better hole-extraction efficiency of PDMS/CuSCN 
HTL observed by PL analyses in Fig. 2-4(b) is also believed to play an 
important role in improving JSC and ղ.
Furthermore, the PDMS interlayer improves the air stability.  The 
PDMS-interlayered PSC maintains its performance stable at 25°C/over-55% 
relative humidity (RH) for more than 1000 h without any encapsulation (Fig. 
2-9(c)).  The PDMS/CuSCN device also endures extreme humidity (95% 
RH), much better than the bare CuSCN device (Fig. 2-12).  It is 
astonishing that the device with PDMS sustains the perovskite layer 
protected even when dipped in water, while the device without PDMS 
interlayer immediately turns yellow due to the decomposition of MAPbI3
into PbI2 (Fig. 2-9(d)).  It confirms that the interlayer of PDMS suppresses 
the penetration/diffusion of external H2O molecules through the interface.
Due to the facile decomposition of MAPbI3 under heat condition (Fig. 
2-12), triple-cation perovskite Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3
(CsFAMA) is utilized as an active material for the thermal stability test.  
As shown in Figs. 2-13 and 2-14, clear improvements in the solar cell 
performance using PDMS interlayer is observed 
(ITO/SnO2/CsFAMA/CuSCN/Au) as well.  As stored under rigorous 
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condition of 85°C/85% RH with encapsulation, the device with PDMS 
interlayer retains 90% of its initial PCE for 500 h, while the PCE of bare 
CuSCN device drops severely during the first 100 h of storage.  By 
achieving such a drastic improvement in the thermal stability of CuSCN-
based PSC using PDMS crosslinking interlayer, it is persuasive that the 
defect state at the interface between perovskite and CuSCN is one of the 
dominant factors which controls thermal degradation in the device.  
Considering that PDMS interlayer passivates the traps/defects, which is also 
supported by the reduced J-V hysteresis of devices (Fig. 2-15), the reduction 
of trap/defect sites may prevent the interdiffusion of ionic defects through 
the interface under the thermal stress.
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Fig. 2-1.  (Color) Observation of the perovskite degradation by CuSCN-
diethyl sulfide (DES) solution.  (a) Optical images, (b) absorbance spectra, 
and (c) XRD patterns of ITO/SnO2/MAPbI3/CuSCN films with different 
wetting times (from 0 to 90 s) of CuSCN-DES solution.  The square and 
circles in (c) represent the peaks of PbI2 and ITO, respectively.  (d) 
Comparison of the magnified peaks at 14.2° (for the (110) plane in MAPbI3).
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Fig. 2-2.  (Color) Compared degradation of perovskite by CuSCN-DES 
solution.  Optical images of ITO/SnO2/MAPbI3/PDMS/CuSCN films with 
different wetting times of CuSCN-DES solution, without and with PDMS 
buffer layer.
32
Fig. 2-3.  (Color) Solution-processed deposition for the PDMS interlayer 
and CuSCN HTL.  Schematic architectures and the cross-sectional SEM 
images of ITO/SnO2/perovskite, ITO/SnO2/perovskite/PDMS, and 
ITO/SnO2/perovskite/PDMS/CuSCN.
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Fig. 2-4.  (Color) Analyses on the PDMS interlayer and charge-extraction 
properties by different HTLs.  (a) Raman spectra with different HTLs and 
ToF-SIMS depth profile analysis for the PDMS-interlayered device.  (b) 
Steady-state PL spectra with magnified image (inset), and time-resolved PL 
of various films deposited on a glass substrate.  Dashed lines represent the 
fitted curves. 
34
Fig. 2-5.  (Color) Electrical properties of CuSCN and PDMS/CuSCN films.  
Sheet resistance is measured by four-point probe for CuSCN and 
PDMS/CuSCN films, which are deposited on (a) quartz substrates and (b) 
MAPbI3 films.
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Fig. 2-6.  (Color) Space-charge limited current (SCLC) measured for 
CuSCN and PDMS/CuSCN films.  (a) J-V characteristics of hole-only 
devices without perovskite layer, measured in dark condition.  (b) J0.5-V
plot in the SCLC region with high applied voltage.  The hole mobilities μh
are calculated to be 0.20 and 0.18 cm2 V-1 s-1, for CuSCN and 
PDMS/CuSCN films respectively.
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Fig. 2-7.  (Color) Ultraviolet photoemission spectroscopy measurement for 
various surfaces.  Photoemission spectra for (a) secondary electron edge 
and (b) valence band edge on the surfaces of CuSCN HTLs with and 
without PDMS interlayer. 
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Fig. 2-8.  (Color) Passivation of defects by the PDMS interlayer.  (a) 
Nyquist plots and (b) trap distribution spectra of the MAPbI3/CuSCN-based 
PSCs with and without PDMS interlayer.  Solid lines in (a) and (b) 
represent the fitted curves used to estimate resistive and defective features 
of the devices, respectively.  (c) J-V characteristics of hole-only devices 
measured in dark, with arrows indicating the trap-filled limit voltages (VTFL).  
(d) Schematics of the crosslinking PDMS interlayer.
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Fig. 2-9.  (Color) Improvements in the photovoltaic performance and air 
stability of MAPbI3-based solar cells by the PDMS interlayer.  (a) 
Comparison of PCEs without and with PDMS interlayer.  (b) J–V
characteristic (reverse scan) of the solar cell using PDMS interlayer, with a 
steady-state current under the maximum power voltage.  (c) Shelf-life test 
of solar cells stored in ambient air (25°C, ~55% relative humidity). (d) 
Photographs of ITO/SnO2/MAPbI3/CuSCN/Au devices without and with 
PDMS interlayer dipped in water.
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Fig. 2-10.  (Color) Improved performance of MAPbI3-based solar cells by 
PDMS.  J-V curves of MAPbI3-based solar cells with (a) reverse and (b) 
forward scans, and (c) their stabilized power outputs measured at the 
maximum power voltages.
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Fig. 2-11.  (Color) Performance of MAPbI3-based solar cells, without and 
with PDMS.  Comparison of the cell parameters including (a) ղ, (b) JSC, (c) 
VOC, and (d) FF for ~10 devices each.
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Fig. 2-12.  (Color) Stabilities of MAPbI3-based solar cells and their XRD 
patterns before/after the stability tests.  (a) Stabilities tested under 
25°C/~55% RH condition and (b,c) XRD patterns of solar cells with and 
without PDMS interlayer.  (d-f) Data analyzed for the solar cells stored 
under 25°C/95% RH conditions and (g-i) under 85°C/35% RH conditions.  
All the tests were conducted for solar cells without encapsulation.
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Fig. 2-13.  (Color) Photovoltaic performance and thermal stability of 
CsFAMA-based solar cells with and without PDMS interlayer.  J-V
characteristics of triple-cation perovskite 
(Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3: CsFAMA)-based devices, and 
thermal stability of the encapsulated solar cells stored under 85°C/85% RH 
condition.
43
Fig. 2-14.  (Color) Performance of 
Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3/CuSCN-based devices.  (a) η, (b) JSC, 
(c) VOC, and (d) FF of CsFAMA/CuSCN-based solar cells without and with 
PDMS interlayer.
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Fig. 2-15.  (Color) Device performance of CsFAMA-based solar cells.  J-
V curves of triple-cation perovskite (Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3: 
CsFAMA)-based solar cells (a) with and (b) without PDMS interlayer.
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2.4. Conclusions
Herein, we suggest the PDMS interlayer as an ideal and facile strategy 
to prevent the interfacial degradation of the perovskite in the CuSCN-based 
PSC.  We have fabricated PDMS interlayer by a simple solution-process, 
and most importantly, identified a crosslinking behavior of PDMS polymers 
at the interface.  The chemical bonds formed by PDMS polymers are 
believed to mitigate traps/defects at the interface, improving the 
photovoltaic performance of the device with the enhanced hole-extraction 
property.  The PDMS crosslinking interlayer enables highly efficient 
CuSCN-based PSC with PCE over 19.0%, which is among the top levels 
reported so far.  Moreover, the PDMS-modified interface allows the solar 
cell to maintain over 90% of its initial PCE both after 1000 h storage under 
ambient condition (25°C/over-55% RH, unencapsulated) and after 500 h 
storage under rigorous condition (85°C/85% RH, encapsulated).  Further 
studies on the correlation between the defect states of PDMS-interlayered 
PSC and its degradation will provide the insights to realize 
commercialization of highly stable PSC.
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Chapter 3. 
Cu2O-CuSCN Nanocomposite as a Hole-Transport 
Material of Perovskite Solar Cells for Enhanced Carrier 
Transport and Suppressed Surface Degradation
3.1. Introduction
Interest in solar power increases as concerns about future energy 
supplies keep growing.[1-5]  In the midst of the numerous solar cells, 
perovskite solar cells (PSCs) gathered much attention due to its potential for 
the next generation energy resources.[6-14]  Organohalide perovskite 
(OHP) obtains outstanding nature of an appropriate and direct bandgap, 
small exciton-binding energy, and balanced ambipolar charge transport 
properties, resulting in high PCE.[15-24]  However, organohalide 
framework of OHP results unstable features, resulting in material 
degradation or interfacial reaction.  Even though material stability is 
largely improved throughout extensive works, interfacial reaction still 
remains to be controlled.  Especially, stability of hole-transporting material 
(HTL) causes large issue, because of the unstable behavior of organic-based 
HTL interacting with perovskite layer.[25-32]
Due to the interfacial degradation of perovskite and HTL, inorganic 
HTLs were extensively investigated, and the CuSCN-based HTL resulted in 
high PCE and improved stability compared to organic-based HTLs.[33-41]  
Although CuSCN itself is stable material, halides in OHP migrate to the 
CuSCN interface, forming an improper copper halides and defects in OHP.39  
Recently, interlayers were investigated to reduce the interfacial reaction 
between OHP and CuSCN, and metal oxides or organics were also 
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considered as options to improve stability.[42,43]  However, deposition of 
metal oxides requires polar solvent, damaging the perovskite layer, and 
organics can degrade under the heat-induced condition.  Therefore, 
utilization of complex design is highly required.
Among many different metal oxides, Cu2O is the one of the ideal 
materials with outstanding hole mobility and appropriate valence-band 
maximum.[44-48]  Several articles reported the synthesis of Cu2O as an 
HTL for the p-i-n type PSCs, but those methods used polar solvent and 
high-temperature heat treatment which are not suitable for n-i-p type 
PSCs.[49-51]  In the case of the n-i-p type PSCs, dispersed Cu2O-
nanoparticle solution was used to fabricate a Cu2O film.[53,54]  However, 
the formation of a uniform Cu2O film is difficult due to the agglomeration 
of nanoparticles in dispersed solution.[51,55]  Therefore, both materials 
and device-fabrication methods should be designed to make an ideal HTL.
Herein, we introduce a one-step deposition of Cu2O-CuSCN to make 
an ideal nanocomposite HTL.  Cu2O is initially prepared as a nanoparticle 
and uniformly dispersed in CuSCN solution in diethylsulfide to simplify the 
process.  Cu2O at perovskite/CuSCN interface reduced interfacial reaction 
between perovskite and CuSCN and enhanced the hole-extraction rate, 
resulting in an improvement of PCE from 17.7% to 19.2% and sustaining 
720 h under thermally induced condition (85°C/85% of relative humidity 
(RH), encapsulated).  We have further investigated the distribution of Cu2O 
and CuSCN in HTL to confirm the detailed role of nanocomposite.  
Moreover, electronic and optical behaviors of device and nanocomposite 
were elucidated to suggest the ideal HTL fabrication in PSCs. 
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3.2. Experimental Section
Device Fabrication: ITO substrate (AMG) was sonicated in 
acetone, isopropanol, and deionized water, for 30 min respectively.  Then,
the substrate was treated by UV-ozone for 15 min.  The SnO2 colloidal 
dispersion (15 wt. % in H2O, Alfa Aesar) diluted with DI water was spin 
coated on ITO glass and annealed at 120°C for 30 min.  The substrate for 
hole-only device was fabricated by spin-coating PTAA solution (2 mg/ml in 
chlorobenzene) on ITO glass with spin rate of 5000 rpm for 40 s, with 
annealing at 120°C for 20 min.  For the perovskite film, 1.8 M 
Cs0.05(FA0.85MA0.15)0.95Pb(I0.85Br0.15)3 precursor was prepared by dissolving 
formamidinium iodide (Great Solar Laboratory), methylammonium bromide 
(Great Solar Laboratory), lead iodine (PbI2: TCI Chemicals), lead bromide 
(PbBr2: TCI Chemicals), and cesium iodide (Great Solar Laboratory) in
N,N-dimethylformamide (DMF: Sigma-Aldrich) and dimethylsulfoxide 
(DMSO: Sigma-Aldrich) with 4:1 volume ratio. The perovskite solution 
was spin-coated on substrate at 5000 rpm for 20 s with 1 mL of diethyl ether
(Daejung) used as a secondary solvent.  PDMS (Sigma Aldrich) film was 
prepared by dispersing 12.25 mg of PDMS in 1 mL n-Hexane (Daejung) 
and spin-coated on the perovskite film. For Cu2O-CuSCN nanocomposite 
film, 10 mg of Cu2O (US Research Nanomaterials) and 10 mg of CuSCN 
(Sigma Aldrich) in 1 mL diethylsulfide (Sigma Aldrich) was spin-coated on 
substrate with annealing at 50°C for 10 min.  For CuSCN film, 25 mg of 
CuSCN 1 mL diethylsulfide was used for spin-coating with annealing at 
50°C for 10 min. 
Characterization:  Optical properties of various films were 
analyzed with UV/Vis spectroscopy (V-770: JASCO).  An x-ray 
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diffractometer (New D-8 Advance: Bruker) was used to detect the phases 
and impurities in perovskite and hole transport materials.  A field-
emission scanning electron microscope (Merlin Compact: Zeiss) was used
to monitor the vertical structures of devices.  Raman and steady-state 
photoluminescence spectra were obtained via LabRAM HV Evolution, 
Horiba, using lasers of λexcitation = 532 nm.  Time-resolved PL spectra 
(FluoTime 300: Picoquant) were obtained using λexcitation = 398 nm laser. 
Time-of-flight secondary-ion mass spectroscopy (TOF.SIMS-5: ION-TOF)
was performed to analyze the compositional depth profile of Cu2O-CuSCN 
nanocomposite film.  Four-point probe was used to measure the electric 
conductivity of films fabricated on glass substrates.  Work functions of 
argon-sputtered films were measured by multipurpose x-ray photoelectron 
spectroscopy (Sigma Probe: Thermo VG Scientific) with photon energy of 
hν = 21.22 eV.  A potentiostat (Zive SP-1: WonATech) was utilized for 
both space-charge-limited current (SCLC) and admittance analyses.  For 
the SCLC measurement, voltage was applied from 0 V to 5 V.  For the 
admittance analysis, the impedance of device was measured under AC 
voltage perturbation with 10 mV amplitude and frequency from 10-2 to 105
Hz.  The devices had been kept in dark to drop the voltage below 2 mV 
before each measurement. The solar cell measurement system (K-3000:
McScience) was used to test the device performance with an active area of 
0.09 cm2.  The voltage was swept from 1.2 to −0.1 V for the reverse scan, 
or vice versa for the forward scan (scan rate of 100 mV s-1).
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3.3. Results and Discussion
Concerning the stability of perovskite photovoltaics, many works 
were done to investigate the origin of device degradation.  There are two 
main causes of degradation, first is the poor OHP stability, and second is the 
interfacial reaction between OHP and HTL.[13,29-32,43] Conventional 
HTL used salt-doped organics, and those were easily degrading and reacting 
with OHP under operating conditions.  Alternatively, CuSCN was 
introduced as a hole-transport material with high PCE, but the stability 
problem isn’t fully solved, remaining additional room to discover the 
methods for efficient and stable perovskite solar cells.
Schematics shown in Fig. 3-1(a) illustrates idea of this work.  By 
constructing Cu2O-CuSCN nanocomposite on top of 
Cs0.05(FA0.85MA0.15)0.95Pb(I0.85Br0.15)3 (CsFAMA), the contact area between 
CuSCN and CsFAMA can be minimized.  From the previous reports, OHP 
and CuSCN makes reaction to produce CuI, which is the main cause of 
device degradation.[39,42] Therefore, Cu2O is used to block the interfacial 
reaction to improve the stability.  Moreover, hole mobility of Cu2O is 
higher than that of CuSCN, boosting the extraction of holes generated from 
OHP.[56] We have observed the uniformed film morphology, which is 
illustrated in Fig. 3-1(b), and the presence of Cu2O by the XRD diffraction 
pattern, as shown in Fig. 3-1(c) (XRD of Cu2O nanoparticle and the optical 
images of dispersed nanocomposite solution are in Figs. 3-2 and 3-3).  
Cu2O solely cannot obtain uniform film, leading to poor device performance 
as shown in Fig. 3-4.  To confirm the chemical distribution of 
nanocomposite, time-of-flight secondary ion mass spectrometry (ToF-
SIMS) was measured.  The top layer of HTL contained CuSCN dominantly 
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while Cu2O is mainly located below CuSCN.  The SiO− peak was 
originated by the PDMS interlayer utilized for suppressing interfacial 
degradation by diethyl sulfide and defect passivation as reported in our 
previous work.[42]  As the Cu2O location may be a significant key to 
enhance performance and stability of devices, further analyses are 
conducted to scrutinize the effects of Cu2O-CuSCN nanocomposite as a 
hole-transport layer.
To investigate the charge extraction and electronic structure of 
Cu2O-CuSCN nanocomposite, optoelectronic properties were investigated.  
The optical bandgaps were measured for different hole-transport materials, 
as shown in Fig. 3(a).  In the case of nanocomposite material, the bandgap 
is ~2.2 eV, which deviates from that of Cu2O (~2.1 eV), possibly due to the 
interfacial disorder or changed bonding nature caused by the coexistence of 
O and S components.  Figs. 3-5(b) and (c) illustrate the electronic structure 
for individual and nanocomposite materials.  As illustrated, work functions 
and valance-band maxima (VBM) of nanocomposite and CuSCN are quite 
similar, due to the effective nanometer-scale depth of ultraviolet 
photoelectron spectroscopy (UPS).  On the other hand, Cu2O shows more 
n-type behavior than CuSCN with higher work function, thereby 
transporting holes from OHP to CuSCN more efficiently.
The dark current vs. voltage characteristics for hole-only devices 
are measured to examine the hole mobility of nanocomposite.  The J−V
curves of device with ITO/PTAA/HTL/Au structure with different HTLs are 
shown in Fig. 3-5(d), and the charge mobility is 1.53 cm2 V-1 s-1 and 0.19 
cm2 V-1 s-1 for the Cu2O-CuSCN nanocomposite and CuSCN only devices,
respectively.[57]  The clear enhancement of the hole mobility was 
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observed, which will lead to the increase in hole extraction rate and 
improvement of photovoltaic parameters (4-point probe data is presented in 
Fig. 3-6).  To further scrutinize hole transporting behavior, the 
photoluminescence (PL) spectroscopy was conducted for 
glass/CsFAMA/nanocomposite and glass/CsFAMA/CuSCN films as shown 
in Fig. 3-5(e).  The bare CsFAMA film shows high PL intensity with 
photocarriers dissipating via radiative recombination of electrons and holes.  
Otherwise, in films with HTL, a large rate of holes is extracted to HTL 
deriving PL quenching.  Conspicuously, for the nanocomposite HTL, more 
effective PL quenching is detected, indicating that the hole extraction from 
CsFAMA to HTL is improved.  Moreover, as shown in Fig. 3-5(f), time-
resolved photoluminescence (TRPL) was further conducted, where the 
nanocomposite resulted in shorter lifetime than that of CuSCN supporting 
the improvement of hole-extracting behavior.
The understanding of defect behavior and operation as a device will 
provide further understanding in this research.  Therefore, dark J-V curves 
of ITO/PTAA/CsFAMA/HTL/Au devices are shown in Fig. 3-7(a), and the 
hole-trap density is evaluated from trap-filled limit voltage (VTFL) which 
resulted in 1.9 × 1015 cm−3 and 4.3 × 1015 cm−3 for the Cu2O-CuSCN 
nanocomposite device and CuSCN-only device, respectively.  The result 
addresses that the trap sites are apparently reduced by utilizing the 
nanocomposite.[58]  For further analyzation of defects and traps behavior 
at the perovskite solar cells, the Nyquist plot is determined by 
electrochemical impedance spectroscopy (EIS) as shown in Fig. 3-7(b).  
The device with nanocomposite shows a larger semicircle than CuSCN only 
device, yielding the higher recombination-resisting tendency which reveals 
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the decrease in trap sites near the interface.[59,60] Additional trap 
distribution spectra in Fig. 3-7(c) indicate that defects of nanocomposite are 
shifted by 0.04 eV toward shallower sites.  In addition, the lower trap 
density of the nanocomposite device is observed about than those of the 
CuSCN-only device.[61-64] As discussed previously, OHP/CuSCN can 
produce many types of impurities at the interfaces, such as PbI2 and CuI.  
Moreover, there are higher possibilities for perovskite to obtain more defects 
than CuSCN layer, because the halide migration occurs frequently during 
the operating conditions (light, heat, and air).  Therefore, Cu2O suppresses 
the formation of defects at the interface between CsFAMA and CuSCN, 
improving the charge transport and decreasing defect concentration resulting 
in reduced carrier recombination at the interface (Fig. 3-7(d)).  
Due to the fast charge extraction and depressed defects by utilizing 
the nanocomposite HTL, power conversion efficiency (PCE) is largely 
improved from 17.7% to 19.2% (Fig. 3-8(a), optimization processes are in 
Figs. 3-9 and 3-10).  Steady-state current is further conducted in Fig. 3-
8(b), and devices with nanocomposite achieve saturation point faster than 
devices with CuSCN only.  These observations address that photo-
generated charges are properly transporting to build up circuit without traps, 
allowing largely lowered hysteresis as shown in Fig. 3-8(c).  Depending on 
the direction of a voltage bias, charge trap can occur by distortion of bands, 
but the presence of Cu2O possibly hinders the distortion of bands, resulting 
in low hysteresis.  In Fig. 3-8(d), EQE is conducted to further confirm the 
tendency of current generation.  Even though the possible additional 
absorption by the bandgap of Cu2O-CuSCN HTL (~550 nm)[65] is almost 
nonexistent in the EQE spectra, probably due to the n-i-p sequential 
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structure, the improved hole extraction behavior of nanocomposite HTL
may contribute to the EQE improvement at approximately 700-nm range, 
which results in an increase of net current for the device adopting 
nanocomposite HTL.
One of the critical issues in perovskite research is degradation 
reaction that hampers the long-term stability, occurring both in CsFAMA 
and interface between CsFAMA and HTL.  Nanocomposite HTL reduced 
trap density, lowering the degradation sites of material.  Moreover, the 
interfacial reaction of CsFAMA and CuSCN can be reduced during the 
operating condition.  Therefore, as stored under the heat and humidity 
induced condition (85°C/85% RH, encapsulated), the thermal stability is 
largely improved from 480 h to 720 h by using nanocomposite as an HTL, 
sustaining over 90% of its initial PCE as shown in Fig. 3-11(a) (additional 
thermal stabilities and J-V parameters are shown in Fig. 3-12).  To 
understand the mechanism in more detail, devices were stored under 
85°C/85% RH condition for 720 h with encapsulation and observed the 
degradation by XRD.  As shown in Fig. 3-11 (b), PbI2 and CuI were 
dominantly formed at the bare CuSCN device compared to the 
nanocomposite device.  Formation of PbI2 is the main critical issue of 
CsFAMA, and nanocomposite-based device formed less PbI2 than bare 
device because of the lower defect density.  More importantly, the absence 
of CuI, the clear evidence of interfacial reaction, indicates that 
nanocomposite HTL perfectly suppressed the device degradation occuring at 
the CsFAMA/CuSCN interface.
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Fig. 3-1.  (Color) Schematics and characterization of the Cu2O-CuSCN 
nanocomposite layer. (a) The device architecture and (b) cross-sectional 
SEM image of the Cu2O-CuSCN based device.  (c) XRD patterns with
different HTLs deposited on the Cs0.05(FA0.85MA0.15)0.95Pb(I0.85Br0.15)3
(CsFAMA) films. (d) ToF-SIMS depth profile of the 
ITO/SnO2/CsFAMA/Cu2O-CuSCN film.  The SiO− is originated by the 
PDMS interlayer at the CsFAMA/HTL interface.
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Fig. 3-2.  (Color) X-ray diffraction pattern of the Cu2O nanoparticles.
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Fig. 3-3.  (Color) Optical images of the Cu2O-CuSCN and CuSCN 
solutions in diethylsulfide.
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Fig. 3-4.  (Color) Cross-sectional SEM image and J-V plot of the device 
utilizing Cu2O as a HTL. 
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Fig. 3-5.  (Color) Optical and electronic properties of Cu2O-CuSCN 
nanocomposite HTL.  (a) Bandgap energy of each HTL. (b) Work 
function from the secondary electron edge, and (c) valence band maximum
for each HTL deposited on the ITO/SnO2/CsFAMA film.  (d) J-V
characteristics of hole-only devices with fitted lines in the space-charge 
limited current (SCLC) region.  (e) Steady-state photoluminescence (PL) 
spectra with a magnified image in the inset, and (f) time-resolved PL of 
various films deposited on glass substrates.
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Fig. 3-6.  (Color) Electrical properties of various HTLs.  In-plane
conductivity is measured by four-point probe for CuSCN, Cu2O-CuSCN 
nanocomposite, and Cu2O films deposited on glass substrates.
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Fig. 3-7.  (Color) Trap density analyses and energy level diagram of the 
devices with different HTLs.  (a) J-V characteristics of hole-only devices 
with perovskite layer, with arrows marking the trap-filled limited voltage 
(VTFL).  (b) Nyquist plots and (c) trap distribution spectra from the 
capacitance-frequency analyses.  (d) Schematics of the band structure and 
trap states at the CsFAMA/HTL interface of each device.  
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Fig. 3-8.  (Color) Enhancement of the perovskite solar cells by utilizing 
Cu2O-CuSCN HTLs.  (a) J-V characteristics, (b) steady-state efficiency 
under the maximum power voltage, (c) hysteresis index (HI = 1-ηFOR/ηREV), 
and (d) external quantum efficiency of the perovskite solar cells.
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Fig. 3-9.  (Color) Optimization of the Cu2O and CuSCN concentrations of 
nanocomposite based devices.  Comparison of the performances for 7 
devices at each condition.  The optimum condition is 10 mg/ml for both 
Cu2O and CuSCN.
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Fig. 3-10.  (Color) The J-V plot of the device with a bilayer-deposited HTL.  
The perovskite solar cells were fabricated by the following sequence: 10 
mg/ml of Cu2O-dispersion solution was spin coated on a perovskite film, 
then 10 mg/ml of CuSCN solution was deposited subsequently.
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Fig. 3-11.  (Color) Long-term stability of the solar cells with different 
HTLs.  (a) Thermal stability of the devices, and (b) XRD of the devices
stored under 85°C/85% RH for 720 h (with gold removed before the 
diffraction measurements).
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Fig. 3-12.  (Color) Long-term stability for several devices with different 
HTLs. (a) Normalized η, (b) η, (c) JSC, (d) VOC, (e) FF, and (h) HI of the 
devices stored under 85°C/85% RH with encapsulation in dark condition.
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3.4. Conclusions
Conventional organic HTLs for perovskite solar cells have issues of 
low material stability and interfacial reaction with OHP, requiring 
alternative HTL.  CuSCN HTL was widely studied as alternatives, yet 
interfacial reaction remained as main bottleneck in this field.  Cu2O-
CuSCN nanocomposite is utilized as ideal HTL, exhibiting both high PCE 
and high stability under extreme conditions.  Cu2O in nanocomposite 
shows faster extraction of charges that were generated in OHP, and it also 
suppresses the interaction between OHP and CuSCN to minimize the 
interfacial reaction.  The novel design of nanocomposite and facile process 
may enable the fields of HTL and perovskite to get closer to the 
commercialization.
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Abstract
유기/무기 하이브리드 페로브스카이트 태양전지 (PSC)는 탁월
한 성능을 가진 가장 유망한 태양전지 중 하나입니다. 그러나, 일반적으
로 사용되는 유기 정공 수송 재료는 결함 확산 및 흡습성 특성 때문에
열, 광 및 외부 전압이 존재하는 상황에서의 열화를 겪습니다. 이전의
HTM에서 이러한 문제를 해결하기 위해, 화학적 안정성이 우수하고, 캐
리어 이동성이 높으며, 비용이 저렴한 무기 재료가 사용되어 고온 및 빛
과 같은 조건 하에서 안정성이 향상되었습니다. 보다 안정적이고 효율적
인 PSC를 실현하기 위해서는 대체 무기 HTM의 특성을 이해하는 것이
중요합니다. 페로브스카이트 태양전지에서 무기 정공 수송층에 대한 연
구는 염 도핑제를 갖는 유기 정공 수송층이 주로 분해 메커니즘에 참여
하여 PSC의 효율과 안정성을 저하시킨다는 단점으로 인해 주목을 받고
있습니다. 그러나, 무기질 정공 수송층은 보다 우수한 안정성을 보장하
는 한편, 증착 및 계면 제어에 어려움을 가지기 때문에 고성능 태양전지
개발에 큰 어려움이 존재합니다. 또한, 유기 정공 수송층의 분해에 의한
효율 저하를 방지하기 위해 무기계 CuSCN HTL이 대안으로 등장했지
만 계면 반응성은 명확하게 밝혀지지 않았습니다.
폴리디메틸실록산(PDMS)은 계면 분해를 방지하고 그의 가교
거동에 의해 CuSCN 기반 PSC의 효율 및 안정성 모두를 향상시키는 이
상적인 중합체 중간층 역할을 한다는 점이 입증되었습니다. 놀랍게도, 
PDMS 중합체는 라만 분광법에 의해 나타낸 바와 같이 페로브스카이트
및 CuSCN과 화학적 결합을 형성하는 것으로 확인되었습니다. PDMS을
활용한 새로운 가교 중간층은 계면에서의 정공 수송 특성을 향상시키고
계면 결함을 낮추어, 19% 이상의 높은 전력 변환 효율을 보였습니다. 
또한, PDMS 중간층의 이용은 계면 결함 및 상호 확산을 완화함으로써
습도 및 열 상황에 대한 태양전지의 안정성을 크게 개선시켰습니다. 
PDMS를 활용한 PSC는 encapsulation이 되지 않은 상태에서 공기 노
출 상황에서 1000 시간, 그리고 encapsulation이 된 상태에서 85°C / 
88
85% 상대 습도 조건에서 500 시간 후에도 초기 효율의 90% 이상을
유지했습니다.
Cu2O와 CuSCN은 효율적이고 안정적인 정공 수송층으로 함께
활용되었습니다. Cu2O는 가장 높은 정공 이동도를 갖는 물질로 알려져
있지만, 균일한 필름의 형성은 용매의 선택의 제한 및 필름 형성의 불량
으로 인해 큰 어려움으로 남아 있습니다. 따라서, Cu2O-CuSCN 나노
복합체는 우수한 HTL로 제조되었으며, 19.2%의 전력 변환 효율
(PCE)을 나타내고 극한 조건 (85℃ / 85%의 상대 습도, 
encapsulated)에서 720 시간 동안 초기 효율의 90% 이상을 유지하였
습니다. 나노 복합체 HTM의 분포는 2차 이온 분광법 (SIMS)에 의해
분석되었으며, XRD를 통해 Cu2O가 페로브스카이트와 CuSCN 사이의
계면을 명확하게 보호하고 있음을 확인하였습니다. 또한, Cu2O의 우수한
정공 수송 특성은 전하 추출 속도를 개선하고 재조합을 감소시켰으며, 
이는 광발광 (PL) 및 전기 화학 임피던스 분광법 (EIS)에 의해 수행되
었습니다.
